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Phosphatidylinositol (Ptdlns) transfer protein (PITP) is a 
ubiquitous and abundant cytosolic protein that was discov- 
ered some 25 years ago because it can exchange Ptdlns 
and phosphatidylcholine (PtdCho) between lipid bilayers 
(for review see Wirtz, 1991). This in vitro activity suggested 
an in vivo function of PITP in transport of these phospholip- 
ids from the site of their synthesis in the endoplasmic retic- 
ulum (ER) and the Golgi to other cell membranes. While 
the phospholipid exchange activity remains the simplest 
way of assaying PITP, it now appears that the cellular 
functions of PITP may have little to do with phospholipid 
transfer per se. Recent studies have indicated that PITP 
is an essential component of the polyphosphoinositide 
synthesis machinery and that as such it is required for 
proper signaling by epidermal growth factor (EGF) and 
f-Met-Leu-Phe (Thomas et al., 1993; Kauffmann-Zeh et al., 
1995) as well as for exocytosis (Hay et al., 1995). These 
results raise the possibility that the role played by PITP 
in polyphosphoinositide synthesis may also explain its 
involvement in intracellular vesicular traffic. 
PITP and Golgi Function in Yeast 
The first hint that there's more to PITP than mere phospho- 
lipid transport was provided when it was discovered that 
the yeast SEC14 gene encodes yeast PITP (Bankaitis et 
al., 1990). This linked PITP with transport of proteins from 
the Golgi complex, but left unresolved the mechanism 
whereby PITP maintains normal Golgi function. Several 
alternative hypotheses were put forth and discussed (see 
Cleves et al., 1991), but all still invoked the phospholipid 
exchange activity of PITP. Bankaitis et al. (1990) sug- 
gested that PITP delivers Ptdlns from its site of synthesis 
in the ER to a late-Golgi compartment, where it provides 
an acidic phospholipid environment hat is required for 
vesicle budding. 
The story received an interesting twist when it was dis- 
covered that mutations in one pathway of PtdCho biosyn- 
thesis (the CDP-choline pathway), but not in another path- 
way (the methylation pathway) can restore Golgi secretory 
activity in sec14 mutants lacking PITP activity (Cleves et 
al., 1991; McGee et al., 1994). This result gave rise to 
the Ptdlns/PtdCho hypothesis (Cleves et al., 1991). Briefly 
stated, the main postulate of the Ptdlns/PtdCho hypothe- 
sis is that Golgi membranes must maintain a relatively 
high Ptdlns/PtdCho ratio to sustain normal secretory activ- 
ity. This condition was presumably compromised in sec14 
mutants owing to deficient Ptdlns transport by PITP, but 
proper Ptdlns/PtdCho balance could be restored with de- 
fects in the synthesis of PtdCho via the CDP-choline path- 
way. Subsequent work from the Bankaitis laboratory 
(McGee et al., 1994) raised the possibility that PITP has 
no phospholipid transport role at all; rather, it was sug- 
gested that PITP serves as a sensor, constantly sampling 
the phospholipid composition of Golgi apparatus and mod- 
ulating PtdCho synthesis accordingly (possibly by alloste- 
ric regulation of the appropriate enzyme[s]) to maintain 
the right PtdCho content. An obviou s prediction of this 
idea was that PITP. Ptdlns and PITP. PtdCho should have 
different effects on the CDP-choline pathway. This has 
been confirmed recently, by showing that PITP.PtdCho 
(but not PITP. Ptdlns) inhibits the enzyme phosphocholine 
cytidylyltransferase, the rate-limiting step in PtdCho syn- 
theis via the CDP-choline pathway (Skinner et al., 1995). 
The PITP-as-sensor model explains how PITP.PtdCho 
regulates PtdCho synthesis and hence the Golgi Ptdlns/ 
PtdCho ratio. Yet the model invokes no function for PITP- 
Ptdlns and leaves open the question of how a decrease 
in Golgi Ptdlns/PtdCho ratio impairs membrane traffic 
from the Golgi. 
PITP Is Required for Synthesis 
of Polyphosphoinositide 
The answer may lie in several recent reports that ad- 
dressed the role played by PITP in signal transduction 
via the phosphoinositide-specific phospholipase C (PLC) 
pathway (Thomas et al., 1993; Kauffmann-Zeh et al., 
1995). These reports suggest that PITP is required for 
the synthesis of Ptdlns 4,5-bisphosphate (Ptdlns[4,5]P2). 
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Figure 1. Role of PITP in Polyphosphoinositide Synthesis 
PITP binds Ptdlns (PI) in exchange for PtdCho (PC) and presents it 
to Ptdlns 4-kinase (PI 4-kinase), forming Ptdlns(4)P (PI4P). The high 
affinity of PITP for Ptdlns(4)P and Ptdlns(4,5)P2 (PI4,5P2) (see Wirtz, 
1991) raise the possibility that these lipids may remain bound to PITP 
after their formation, suggesting that PITP may also serve to present 
these substrates for Ptdlns(4)P 5-kinase and PLC, successively. Note 
that some of the steps outlined here are speculative. I P3, inositol 1,4,5- 
trisphosphate; DAG, dystrophin-associated glycoprotein. 
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Ptdlns(4,5)P2 is a quantitatively minor, negatively charged 
phospholipid that serves as a precursor of the second mes- 
sengers inositol 1,4,5-trisphosphate, diacylglycerol, and 
Ptdlns(3,4,5)P3. Initially, PITP was shown to stimulate 
f-Met-Leu-Phe-dependent, PLC~-mediated hydrolysis of 
Ptdlns(4,5)P2 in myeloid cells (Thomas et al., 1993). How- 
ever, although its presence was found to be critical, its 
function was not defined. Kauffmann-Zeh et al. (1995) 
went on to identify PITP as a cytosolic factor in A431 cells 
that is required for EGF stimulation of Ptdlns 4-kinase ac- 
tivity and showed that PITP is physically associated with a 
signaling complex that likely comprises the EGF receptor, 
Ptdlns 4-kinase, and PLC~'. Furthermore, they demon- 
strated that, in the presence of PITP, EGF-induced hy- 
drolysis of Ptdlns(4,5)P2 is greatly stimulated. The au- 
thors advanced the hypothesis that PITP is required for 
Ptdlns(4,5)P2 synthesis and that its function is to present 
Ptdlns to Ptdlns 4-kinase (Kauffmann-Zeh et al., 1995). 
Because of the high affinity of PITP for Ptdlns(4)P and 
Ptdlns(4,5)P2, these lipids may remain bound to PITP after 
their formation. If this is true, then PITP may also present 
these lipids as substrates for Ptdlns(4)P 5-kinase and PLC, 
successively (Figu re 1). How can the idea that PITP serves 
as a presenter of Ptdlns to phosphoinositide kinases ex- 
plain the role of PITP in vesicular traffic? 
Involvement of Polyphosphoinositides 
in Vesicular Trafficking 
A remarkable convergence of evidence indicates that 
phosphoinositide synthesis is linked to a variety of mem- 
brane traffic events (Stack et al., 1995; see Figure 2). An 
important discovery was that the protein product of the 
VPS34 gene of budding yeast is homologous to the cata- 
lytic subunit of the mammalian phosphoinositide 3-kinase 
(PI 3-kinase) (Stack et al., 1995). The mammalian PI 
3-kinase was discovered because of its association with 
oncogenic tyrosine kinases (Cantley et al., 1991). This en- 
zyme has the ability to phosphorylate the D3 position of 
Ptdlns, Ptdlns(4)P, or Ptdlns(4,5)P2 in vitro. In contrast, 
Vps34p can utilize only Ptdlns as a substrate, and synthe- 
sis of Ptdlns(3)P was correlated with the ability to traffic 
proteins from the Golgi to the vacuole in budding yeast 
(Stack et al., 1995). Evidence indicates that Vps34p is 
required for budding of a specific vesicle type from the 
trans-Golgi network. Mammalian ceils also contain 
Vps34p-like enzymes that phosphorylate Ptdlns but not 
Ptdlns(4)P or Ptdlns(4,5)P2 (Stephens et al., 1994). These 
results suggest that Ptdlns(3)P is specifically synthesized 
for use in membrane trafficking while Ptdlns(3,4)P2 and 
Ptdlns(3,4,5)P3 may be used for a different function in 
mammalian cells. Indeed, Ptdlns(3,4)P2 and Ptdlns(3,4,5)P3 
have not been detected in yeast. While in mammalian cells 
Ptdlns(3)P is constitutively produced, Ptdlns(3,4)P2 and 
Ptdlns(3,4,5)P3 are produced acutely in response to 
agents that activate tyrosine kinases (Cantley et al., 1991) 
and have recently been shown to activate Ca2+-indepen - 
dent protein kinase C isoforms in vitro. 
A role for the mammalian p85/p110 type Ptdlns 3-kinase 
in trafficking was suggested by studies of the platelet- 
derived growth factor (PDGF) receptor. This enzyme was 
found to cointernalize with the PDGF receptor in clathrin- 
coated vesicles and is present at high concentration in 
the microtubule organization center (Kapeller et al., 1993). 
Mutations of the PDGF receptor that eliminated asso- 
ciation with the p85/p110-type Ptdlns 3-kinase resulted 
in a defect in receptor degradation and increased accu- 
mulation of the receptor at the plasma membrane (Joly 
et al., 1994). Wortmannin, an inhibitor of p85/p110-type 
Ptdlns 3-kinase, causes a similar effect. However, concen- 
trations of wortmannin that completely eliminate cellular 
Ptdlns(3,4)P2 and Ptdlns(3,4,5)P3 (and cause a partial de- 
crease in Ptdlns[3]P) do not cause a gross general defect 
in trafficking. Although additional work is needed in this 
area, it is tempting to speculate that the Ptdlns(3)P product 
of p85/p110-type Ptdlns 3-kinase plays a role in trafficking 
of receptors that bind this enzyme directly. The ability of 
insulin to stimulate the recruitment of GLUT4-containing 
vesicles to the plasma membrane (which is blocked by 
Ptdlns 3-kinase inhibitors; Cheatham et al., 1994) could be 
explained by the specific recruitment of the p85/p110-type 
Ptdlns 3-kinase to the glucose transporter-carrying 
(GLUT4) vesicles and participation of the lipid products 
of this enzyme in trafficking of these vesicles. Ptdlns(3)P 
produced from mammalian homologs of Vps34p (some 
of which appear to be relatively resistant to wortmannin; 
Stephens et al., 1994) is probably playing a role in Golgi-to- 
lysosome trafficking. 
Ptdlns 4-kinases and Ptdlns(4)P 5-kinases have also 
been implicated in membrane trafficking. Ptdlns 4-kinase 
activity is localized in most intracellular organelles, includ- 
ing secretory granules, coated vesicles, and GLUT4 vesi- 
cles. In addition, Ptdlns(4,5)P2 was found recently to be 
intimately involved in the function of ADP-ribosylation fac- 
tor (ARF), a small G protein that regulates the formation 
of coated transport vesicles in the Golgi (Donaldson and 
Klausner, 1994). First, Ptdlns(4,5)P2 stimulates guanine 
nucleotide exchange on ARF (Terui et al., 1994). Second, 
Ptdlns(4,5)P2 was identified as a cofactor for a major ARF 
target protein, PLD (Liscovitch et al., 1994). Finally, to- 
gether with phosphatidic acid, Ptdlns(4,5)P2 stimulates the 
activity of ARF GTPase-activating protein (ARF-GAP; 
Randazzo and Kahn, 1994), thus causing the inactivation 
of ARF. 
Additional evidence for a role of Ptdlns(4)P 5-kinase in 
vesicle trafficking was provided by the recent discovery 
that two genes from budding yeast have homology to 
the catalytic domain of a recently cloned mammalian 
Ptdlns(4)P 5-kinase (Boronenkov and Anderson, 1995). 
One of these genes, FAB1, is required for normal vacuole 
function and morphology (Yamamoto et al., 1995). A shift 
of the temperature-sensitive fabl t` mutants to the nonper- 
missive temperature results in a rapid and dramatic in- 
crease in the size of the vacuole and a defect in vacuole 
acidification. These results suggest a failure to recycle 
membrane from the vacuole to other cellular compart- 
ments. Other vesicle trafficking events, including secre- 
tion and endocytosis, appear to be normal in the fabl ~ 
yeast. However these results do not rule out a more gen- 
eral role for Ptdlns(4)P 5-kinase in trafficking since disrup- 
tion of FAB1 does not eliminate the cellular Ptdlns(4)P 
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Figure 2. Possible Roles for Acidic Phospholipids in Vesicle Traf- 
ficking 
See text for details. Abbreviations: Dyn, a dynamin family member; 
GEF, guanine nucleotide xchange factor; PA, phosphatidic acid; PC, 
PtdCho; PI, Ptdlns; PIXP, a phosphoinositide; PI 4-K, Ptdlns 4-kinase; 
PI4P 5-K, Ptdlns(4)P 5-kinase; PI4,5P2, Ptdlns(4,5)Pz. 
Ptdlns(4)P 5-kinase is probably at least partially due to 
Mss4p, a protein with homology to both Fablp and mam- 
malian Ptdlns(4)P 5-kinase. Overexpression of Mss4p res- 
cues cells that are partially defective in STT4 from sensitiv- 
ity to high osmolarity. Stt4p is a Ptdlns 4-kinase (Yoshida 
et al., 1994) with high similarity to a mammalian type II 
Ptdlns 4-kinase (Wong and Cantley, 1994). The osmosen- 
sitivity of the stt4 mutants may be due, at least partially, 
to defects in plasma membrane flux. It seems likely that 
the presence of distinct Ptdlns 4-kinases and Ptdlns(4)P 
5-kinase in different cellular locations allows regulation of 
different cellular processes. 
PITP, Polyphosphoinositides, and Membrane 
Traffic: The Synthesis 
Collectively, the above data suggest that phosphoinositide 
kinases and the polyphosphoinositide that they produce 
participate in regulating vesicular traffic. Therefore, one 
may postulate that PITP is required for membrane trans- 
port because it is required for polyphosphoinositide syn- 
thesis. In other words, it may be predicted that PITP serves 
to present Ptdlns to those phosphoinositide kinases that 
are involved in trafficking, the same as it does for phospho- 
inositide kinases involved in signaling. Hay et al. (1995) 
have provided strong support for this notion by identifying 
Ptdlns(4)P 5-kinase as one of the cytosolic factors that 
are required for Ca2+-activated exocytotic release of nor- 
epinephrine in PC12 cells. Another required factor was 
identified previously as PITP by this same group. Together 
the two proteins stimulate Ptdlns(4,5)P2 synthesis under 
the same conditions in which they prime the cells for exo- 
cytosis, suggesting that PITP-induced stimulation of exo- 
cytosis is due to its essential function in Ptdlns(4,5)P2 syn- 
thesis. At present it is not known whether in yeast Sec14p 
plays a similar role in polyphosphoinositide synthesis and 
vesicular traffic as does mammalian PITP. That this may 
indeed be the case is suggested by the ability of rat PITP 
to effect a specific complementation of sec14 tempera- 
ture-sensitive growth and secretory defects despite its in- 
ability to inhibit phosphocholine cytidylyltransferase activ- 
ity (Skinner et al., 1995). This suggests that yeast PITP. 
Ptdlns may have a role of its own, possibly in supporting 
polyphosphoinositide synthesis. 
The exact role(s) played by phosphoinositide kinases 
and polyphosphoinositides in the complex events that 
comprise vesicular trafficking is not known. Some possibil- 
ities are illustrated in Figure 2. We have proposed a model 
whereby the biosynthesis of Ptdlns(4,5)P2 and the activa- 
tion of PLD by ARF may interact in a coordinate mecha- 
nism for membrane vesiculation, vesicle fusion with ac- 
cepter membranes, or both (Liscovitch et al., 1994). In 
brief, it was suggested that the interaction of coated vesi- 
cles bearing ARF. GTP with accepter membranes would 
activate PLD associated with these membranes (Brown et 
al., 1993; Cockcroft et al., 1994), producing phosphatidic 
acid. The activity of Ptdlns(4)P 5-kinase (which is hypothe- 
sized to be located at accepter membranes) would be stim- 
ulated by phosphatidic acid (Jenkins et al., 1994), resulting 
in massive synthesis of Ptdlns(4,5)P2 from vesicular 
Ptdlns(4)P. This, in turn, would cause further stimulation 
of PLD activity (Liscovitch et al., 1994), leading to more 
phosphatidic acid production and further stimulation of 
Ptdlns(4)P 5-kinase, et cetera. This positive feedback loop 
would rapidly cause a very profound change in the lipid 
composition of vesicular membranes, leading to the for- 
mation of microdomains that are greatly enriched in phos- 
phatidic acid and Ptdlns(4,5)P2. Thus, the Ptdlns(4,5)P2/ 
phosphatidic acid-rich vesicle membranes would caose 
ARF. GAP activation (Randazzo and Kahn, 1994) and the 
conversion of active ARF- GTP to inactive ARF- GDP. Con- 
sequently, PLD would be deactivated, thus halting the pos- 
itive feedback loop, initiating the disassembly of the 
coated vesicle and allowing its subsequent fusion with 
accepter membranes (for more details see Liscovitch et 
al., 1994). 
According to this model, polyphosphoinositide synthe- 
sis influences vesicular traffic by affecting the proteins that 
regulate vesicle formation and perhaps also by affecting 
docking and fusion. The negatively charged lipids could 
change the physical characteristics of the bilayer and 
might also interact with proteins involved in fusion in a 
Ca2+-dependent manner. Hay et al. (1995) have suggested 
that the PITP-dependent and Ptdlns(4)P 5-kinase-depen- 
dent synthesis of Ptdlns(4,5)P2 promotes assembly of the 
actin cytoskeleton, mediated by cytoskeletal Ptdlns(4,5)P2- 
binding proteins that may play a role in docking secretory 
granules at the plasma membrane. These proposals are 
evidently not mutually exclusive. 
In summary, current evidence strongly implicates phos- 
Cell 
662 
phoinos i t ide k inases in ves icu lar  traff icking. PITP appears  
to be required for po lyphospho inos i t ide  synthesis  in a ca- 
pacity of a substrate presenter ,  at least in regulated secre- 
t ion in mammal ian  cells. One product  of these reactions,  
Ptdlns(4,5)P2, may play d iverse roles in regulat ing vesic le 
budding,  target ing,  docking,  and fusing. Emerg ing  evi- 
dence  for the ex is tence of mult ip le molecu lar  forms of 
Ptdlns 3-kinase, Ptdlns 4-k inase,  and Ptdlns(4)P 5-k inase 
raise the exc i t ing possibi l i ty that  di f ferent ia l ly  local ized and 
that regulated phospho inos i t ide  k inases may be involved 
in some or all of those events  at di f ferent cel lu lar  compart -  
ments.  Be that as it may, the results d iscussed above  
indicate that l ipids might p lay a role as important  in vesicu- 
lar traffic as they do in s ignal t ransduct ion.  
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